Male signals that provide information to females about mating benefits are often of low reliability. It is thus not clear why females often express strong signal preferences. We tested the hypothesis that females can distinguish between males with preferred signals that provide lower and higher quality direct benefits. In the field cricket, Gryllus lineaticeps, females usually prefer higher male chirp rates, but chirp rate is positively correlated with the fecundity benefits females will receive from males only for males that have experienced low quality diets. We paired females with muted males that were maintained on low or high nutrition diets, during the interactions we broadcast a replacement high chirp rate, and we observed whether females mated with the assigned male. Females were more likely to mate when paired with low nutrition males. These results suggest that females have evolved assessment mechanisms that allow them distinguish between males with preferred signals that provide high quality benefits (low nutrition males with high chirp rates) and males with preferred signals that provide low quality benefits (high nutrition males with high chirp rates).
Introduction
Female animals often prefer to mate with males with particular signals [1, 2] because these males provide direct benefits (material resources) that increase female or offspring fitness [1, 3] . Signal reliability, however, is often surprisingly low [4] . Male signals commonly explain less than 25% of the variation in direct benefits, depending upon the type of direct benefit [5] . Low signal reliability is at least partially a result of environmental effects and/or genotype -environment interaction effects on male signals or male-provided benefits [6] . For example, a male that provides a low quality benefit might produce an unattractive or attractive signal, depending upon the environmental conditions that the male has experienced [7] . If females choose mates based on signals of low reliability, they will incur search costs to find males with attractive signals but only occasionally obtain high benefit mates [8] . How can strong mating preferences evolve if females only occasionally benefit from their mate choices?
Females can potentially solve the low signal reliability problem if they can identify when a preferred signal is indicative of high quality benefits. There are at least two possible solutions. First, if the temporal and spatial scale of environmental variation is sufficiently coarse, such that most males and females reproductively active at a given time have experienced similar environmental conditions, females could assess the environmental histories of males by assessing their own environmental histories. They could then consistently benefit from their mate choice behaviour if they adaptively adjust their mate choices, paying the costs of expressing preferences only when environmental conditions indicate that preferred signals predict high quality benefits [9] . And second, females might evolve assessment mechanisms that allow them to distinguish & 2017 The Author(s) Published by the Royal Society. All rights reserved.
between males with attractive signals that provide low and high quality benefits [3, 10] . For example, if there is a male trait that consistently varies with an environmental factor that affects the correlation between signal and benefit, females could consistently obtain high quality benefits if they mate with males with both the preferred signal and the reliability indicator. Plasticity in female mating preferences is common [11 -13] , as is assessment of multiple male traits [14, 15] , but it is not known whether females adjust their responses to a benefit-related trait based on a trait that predicts signal reliability.
We tested whether female variable field crickets, Gryllus lineaticeps, can distinguish between males with preferred signals that provide low and high quality benefits. In this species, males sing to attract females, and females prefer males with higher chirp rates [3] . Whether a high chirp rate is predictive of high quality direct benefits depends upon a male's nutritional history [7] . Juvenile diet has no effect on chirp rate or benefit quality, but when adult males have experienced a low nutrition diet, females have higher fecundity when they mate with high chirp rate males because of products males transfer in their seminal fluid [7, 16] . In contrast, when adult males have experienced a high nutrition diet, females have lower fecundity when they mate with high chirp rate males. We measured whether, in the presence of a high chirp rate, females paired with muted low nutrition males were more likely to mate than females paired with muted high nutrition males. If so, this counterintuitive result would suggest that a female's response to chirp rate is modified by her assessment of one or more nutritiondependent male traits, and thus that females can distinguish between males that provide high quality (low nutrition, high chirp rate) and low quality (high nutrition, high chirp rate) direct benefits. We also tested the effects male mass and a male's natural chirp rate on a female's probability of mating. We had no a priori predictions about the effects of these latter traits.
Material and methods (a) Animals and diet manipulations
The crickets used were the offspring of females collected from Academy, California (see [17] for rearing methods). In brief, females oviposited in family containers, and offspring were reared in their natal container until they approached the final moult, when they were transferred to individual containers. The day of their final moult, females were placed on an experimental low nutrition diet because females only benefit from mating with high chirp rate males when they have experienced a low nutrition diet [17] . Males were placed on either a low nutrition diet or a high nutrition diet (see [7] for details on the diets). The crickets were maintained on 14 : 10 hour light : dark light cycle at 328C, and all experimental procedures were conducted during the dark portion of the light cycle.
(b) Male song recordings
Nine days following the final moult, we recorded male songs (see [7] for details on the song recordings). In brief, males were placed in recording chambers with holes in the lids through which a microphone was inserted. The microphone was connected to a multi-channel event recorder (Micro 1401 and expansion ADL 12, both Cambridge Electronic Design Ltd, Cambridge, UK) which was connected to a personal computer (Macintosh G3).
The
(c) Mating trials
The day following a song recording, the male's forewings were sealed with a drop of beeswax, which prevented the male from singing. The male was assigned an unrelated virgin female (defined as the absence of any shared grandparents, see [7] ) that was 9 -11 days post-eclosion. Both individuals were weighed prior to being placed in a mating arena. The mating arena was a clear plastic container (16 Â 26 Â 17 cm) containing a paper towel substrate. A speaker connected to a portable CD player was suspended above the mating arena. The area was illuminated using red light.
Prior to the start of a mating trial, the male and female were acclimated under separate opaque plastic cups for 15 min. The cups were removed and a replacement song was broadcast. This replacement song consisted of a loop of 4 s of calling song followed by 4 s of courtship ticks (for details see [18] ). The calling song component consisted of a high chirp rate (4.2 chirps s 21 ) calling song. The broadcast amplitude was calibrated using a CEL-254 sound level meter to a maximum amplitude of 80 dB SPL (re: 20 mPa). The crickets were observed for 30 min, and we recorded whether the female mated with the male during this period (defined as the successful transfer of a spermatophore). There were 45 successful trials, defined by the male attempting to court the female and the female interacting at least once with the male (remaining in close enough proximity to the male to at least antennate him one time). Unsuccessful trials were characterized by an absence of male courtship and/or females that spent the entire time attempting to escape from the arena. Nine of the 45 trials were subsequently discarded because either the male or female was found to have damaged antennae (crickets use intact antennae to taste chemicals on the cuticles of conspecifics). Our final sample size was thus 36 trials.
(d) Statistical analyses
Data were analysed using multiple logistic regression (STATA 13.1). Mating (yes/no) was the dependent variable. Our model included three fixed factors: male diet, male mass and male chirp rate.
Results
Females were 2.67 times more likely to mate with a muted low nutrition male in presence of a high chirp rate (eight of 15 males mated) than they were to mate with a muted high nutrition male in the presence of a high chirp rate (four of 21 males mated; multiple logistic regression: z ¼ 22.42, p ¼ 0.015; figure 1a,b) . Female mating probability also increased with male mass (z ¼ 2.31, p ¼ 0.021; figure 1c) and with a male's intrinsic chirp rate (z ¼ 2.41, p ¼ 0.016; figure 1d ).
Discussion
Our results are consistent with the hypothesis that, once a female approaches a high chirp rate male, she assesses his nutritional history prior to mating. Females thus appear to have evolved assessment mechanisms to distinguish between males with preferred signals that provide high quality and low quality direct benefits before they accept a male's sperm. Previous results that used a similar experimental design showed that females are less likely to re-mate with rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170386 males that provide low quality fecundity benefits in an initial mating [18] . Females thus appear to have evolved multiple assessment mechanisms that allow them to minimize matings with low benefit males.
We do not know what traits females use to assess a male's nutritional history, but cuticular hydrocarbons are a major candidate. During close-range interactions, females tap males with their antennae and taste the hydrocarbons expressed on their cuticles. Field crickets can assess the sex of a conspecific based on these hydrocarbons [16, 19] , and cuticular hydrocarbons are under sexual selection in some species [20] . Furthermore, some insects are known to assess the diets of conspecifics using cuticular hydrocarbons [21] . It is thus possible that females taste males prior to mating to assess their nutritional status. Other male traits might also vary with diet, such as tactile signals [22] or seismic signals [23] .
Females were also more likely to mate if the male could produce a high chirp rate when allowed to sing. It is not known what traits females might use to indirectly assess a male's chirp rate, but singing is accompanied by rhythmic movements of the body. Muted males attempted to sing, and females might have indirectly assessed chirp rate using seismic signals produced by these body movements.
Females were also more likely to mate with heavier males. This result is puzzling as female fecundity benefits show a weak negative correlation with male mass [7] , suggesting that females should preferentially mate with lighter males.
It is possible that females assess male mass using cuticular hydrocarbons or seismic signals, or that they assess male mass by tapping male bodies with their antennae.
In addition to previous hypotheses proposed for why females assess multiple male traits [14, 15] , our study suggests that females may sometimes assess additional male traits to interpret the information provided by a benefit-related signal. Furthermore, our results suggest that low signal reliability is not necessarily a major impediment for the evolution of female mating preferences; females can at least sometimes evolve complex mate assessment mechanisms that allow them to determine whether a male expressing a preferred signal type will or will not provide the mating benefit indicated by his signal. Data accessibility. The raw data are archived in the Dryad Digital Repository (http://dx.doi.org/10.5061/dryad.sj138) [24] . research. rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170386
